In animal species where females mate with multiple males, female mating success might be expected to covary with aspects of female morphology, such as size or shape. Spiders are especially interesting in this regard, as the females of several spider groups weave intricate webs that often accommodate multiple male spiders, all of whom are potential mates. Because web design is likely to be dependent on female size/shape, we use multivariate methods to assess the relationships among female morphology, web design, and reproductive ecology over a range of body sizes in the orb-weaving spider Nephila clavipes . Of the measured variables, only abdomen size explained a significant amount of the variation in number of males on a web, and this relationship holds even after statistically accounting for body size. Because abdomen size is an indicator of body condition in spiders, we suggest that condition is likely to be an important factor relating to potential mating success in female spiders. We found no evidence for an association between web design and number of males on a web, although our data indicate that larger females build webs that are both larger and further from the ground than those of smaller females.
INTRODUCTION
Polyandry (multiple matings by females with different males) is a widespread phenomenon in the animal kingdom. In some cases, the existence of polyandry is likely driven by direct benefits gained by females in the form of nuptial gifts or protection offered by males (Vahed, 1998; Arnqvist & Nilsson, 2000) , while in others, males contribute little more than sperm (Simmons, 2003) . Nevertheless, even if females do not profit directly, the potential fitness benefits to mating with multiple males are thought to be substantial (Jennions & Petrie, 2000; Fedorka & Mousseau, 2002) . For example, multiple matings may result in male offspring of higher quality (Hosken et al ., 2003) or increased heterozygosity (Liersch & Schmidt-Hempel, 1998; Foerster et al ., 2003) relative to offspring of females that mate with fewer males.
However, while mating with several different males may be advantageous to females, mating also imposes costs (Johnstone & Keller, 2000; Herberstein, Schneider & Elgar, 2002; Chapman et al ., 2003) . Successful females who tolerate and mate with more males might be expected to exhibit differences in condition and/or associated morphological variables (such as body size or shape) relative to unsuccessful females, in order to better endure such costs. Alternatively, males are known to exhibit preferences for larger females in several taxa (Andersson, 1994) , and consequently larger females may be more likely than smaller females to obtain multiple matings. Relatively few studies, however, have examined correlations between female morphology and reproductive success in an explicitly ecological context. Here, we adopt an ecomorphological approach to investigate the relationships among female morphology, web design, and number of males present in the webs of orb-weaving spiders.
Studies of the relationships between an organism's morphology and its ecology have flourished since Arnold (1983) proposed a rigorous framework for investigating the adaptive nature of morphological variation (Wainwright & Reilly, 1994; Irschick & Garland, 2001 , for review). The use of ecomorphological methods in several animal taxa has taught researchers a great deal about the relationships among morphology, habitat use, performance, and, ultimately, fitness (e.g. lizards: Losos, 1990; Irschick & Losos, 1998; Herrel, Meyers & Vanhooydonck, 2001; fish: Wainwright, Bellwood & Westneat, 2002; Langerhans et al ., 2003; spiders: Prenter, Elwood & Montgomery, 2003; insects: Nosil & Crespi, 2004; snakes: Vincent, Herrel & Irschick, 2004) .
Spiders are in many ways ideal candidates for studies of this nature, as they occur at high densities in areas of rich vegetation, occupy a diversity of habitat types, from Arctic islands to deserts (Foelix, 1996) , and exhibit a range of morphological types, including several cases of extreme sexual size dimorphism (Elgar, 1991; Foelix, 1996; Hormiga, Scharff, & Coddington, 2000) . Most notably, females of several spider groups also weave intricate webs, the design features of which (including variables such as inner web height, web width, and web angle relative to the ground) are likely to be as subject to selective pressures as the morphology of the organism itself (Eberhard, 1990; Blackledge, Coddington & Gillespie, 2003; Craig, 2003) .
Although webs are central to spider ecology (Craig, 1986) , few ecomorphological studies have incorporated web design into their analyses. This is surprising, especially given the importance of webs to the mating systems of some spider groups. Orb-web spiders, for example, are usually promiscuous, and females often accommodate several male spiders on their webs, despite frequent instances of sexual cannibalism (Elgar, 1991; Schneider & Elgar, 2001; Herberstein, Schneider & Elgar, 2002) . Because larger spiders construct larger webs, and larger webs are likely to harbour many males, one might expect a relationship between female spider size and number of males on a web. Previous studies have explored the relationships between body mass and web design (Craig, 1986; Venner et al ., 2002) , reproductive state and web design (Higgins, 1990; Sherman, 1994) , body size and web height (Eberhard, 1971) , and body mass and reproductive state (Vollrath, 1987; Uetz, 1992) . However, no investigators have, to our knowledge, used rigorous multivariate methods to assess the relationships among morphology, web design and reproductive ecology (including number of males on the web) within a single species. Here we consider the hypothesis that number of males on a web is related to female morphology in the orb-weaving spider, Nephila clavipes . In particular, we test two predictions of this hypothesis: (1) larger females have more males on their webs than smaller females, and (2) larger webs harbour more males than smaller webs.
MATERIAL AND METHODS

S TUDY SITE
This study took place at the Edward F. Hebert Research Center of Tulane University in Belle Chasse, Louisiana during the month of July 2003, which is near the beginning of the breeding season for N. clavipes . The study was conducted in a 30 × 30-m plot in a bottomlands hardwood forest. We sampled every spider that could be located within the plot. Because the various size classes of N. clavipes are known to segregate spatially within a habitat (Moore, 1977) , with the largest adults occurring in more open areas than smaller juveniles, our plot contained both shaded as well as open areas. We were therefore able to examine the relationships among morphology, ecology, and reproductive state for a wide range of sizes. We examined morphology, web design/placement, and reproductive state for a total of 35 female N. clavipes , ranging in cephalothorax length from 0.16 to 0.92 cm (see Table 1 ).
W EB DESIGN AND REPRODUCTIVE STATE
MEASUREMENTS
We recorded four measurements of web design: (1) distance of the centre of the web from the ground ( ± 0.1 cm); (2) maximum width of the web ( ± 0.1 cm) (maximum distance over which web spanned in the horizontal axis); (3) maximum height of the inner portion of the web ( ± 0.1 cm) (maximum distance over which web spanned in the vertical axis), and (4) web angle relative to the ground (see Fig. 1 ). Web linear measurements were recorded using a measuring tape. Web angle was calculated using a Speed Partz Smarttool (Speed Partz, West Chester, OH).
We dissected the abdomen of each female spider to determine whether or not they were gravid. If eggs were present, we measured the mass of each clutch using a Denver Instruments M-220 electronic balance ( ± 0.01 mg). We include only clutch mass in our analyses, as number of eggs could not be accurately determined in most cases. Finally, we recorded the number of males present in each web.
M ORPHOMETRICS
We made the following morphological measurements in centimetres using Mitutoyo digital calipers ( ± 0.01 mm): pedipalp length (total length from base to tip), cephalothorax length, cephalothorax width (widest point), cephalothorax height (highest point), abdomen length, abdomen width (widest point), and abdomen height (highest point).
S TATISTICAL ANALYSIS
To meet the assumption of homoscedascity for regression techniques (Sokal & Rohlf, 1981) , all variables were successfully log 10 transformed prior to analysis, 
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and the normality of the transformed data confirmed using Lillifores tests. The scaling relationships for morphological variables were analysed to determine whether body shape changes over the measured size range (Table 2) . Scaling relationships were analysed by regressing cephalothorax length (independent variable) against all other log 10 body variables using reduced major axis regression (RMA) (Sokal & Rolf, 1981) . RMA was used instead of typical least squares regression in order to account for measurement error common in morphological data. To examine the relationship between morphology and web characters, we first performed a principal components analysis in order to reduce the dimensionality of the data set. The broken stick method (Frontier, 1976; Jackson, 1993) was subsequently used to determine which principal components explained a significant portion of the variation in the data. Plots of PC1 (size) vs. web measurements are shown in Figure 2 . Finally, to examine the variation in the number of males in a given web, a stepwise regression (backwards model) was performed with the log 10 number of males in the web as the dependent variable and the log 10 individual morphological measurements, log 10 mass of eggs, and log 10 web measurements as the independent variables. The resultant partial regression coefficients express the correlation between two variables under the condition that all concomitantly measured variables are held constant (Kachigan, 1991) , allowing us to examine relationships between the above variables independent of body size.
We also performed an explicitly size-adjusted analysis to specifically examine whether web or body shape were significantly related to the number of males in the web. For this 'size-free' analysis, we calculated the residuals from linear least-squares regressions for log 10 spider morphology (body measurements 
RESULTS M ORPHOLOGY
All morphological variables scale isometrically vs. cephalothorax length in N. clavipes (Table 2) , except cephalothorax height, which exhibits significant negative allometry ( t = 8.00, d.f. = 34, P < 0.0001). Hence, the overall body shape of N. clavipes changes little over the measured size range except in cephalothorax height, which appears to be larger, relative to body size, in smaller spiders.
The PCA performed on morphological variables yielded two axes ( Table 3 ) that together explained 94.8% of the total variation in the data. From the loadings of the morphological variables on these two axes it is apparent that the first axis is a clear indicator of variation in body size while the second is an indicator of variation in body shape. However, the second axis explains only 4.8% of the observed variation (Table 3) . Thus, while there is significant variation in body size in this sample of N. clavipes , there is little apparent variation in body shape indicated from both the scaling of morphological measurements (with the single exception of cephalothorax height) as well as the PCA.
R ELATIONSHIPS AMONG MORPHOLOGY , WEB DESIGN , AND REPRODUCTIVE STATE
As previously noted for other orb-weaving spiders (Brown, 1981; Olive, 1982; Craig, 1987; Zschokke, 1997) , web size is highly positively correlated with body size in N. clavipes , with both web height and web width increasing over the sampled size range (Fig. 2) . Thus, larger spiders generally build overall larger webs than smaller spiders. Web angle also generally increases with overall body size in N. clavipes (Fig. 2) . However, although very large spiders almost exclusively constructed webs 90 ° relative to the ground (Fig. 2) , there is substantial variation in web angle over the sampled size range. As a result, while larger spiders typically build webs perpendicular relative to the ground, smaller individuals vary their web orientation to the ground considerably, with no pattern evident. From the non-size adjusted stepwise regression model of number of males in the web, the model produced included abdomen width (β = 0.93, P < 0.0001), and abdomen height (β = 0.63, P < 0.0001). These beta coefficients allow us to assess the relative importance of the variables in the model (Kachigan, 1991) , and a comparison of the two values (i.e. taking the ratio of the squares of the beta coefficients) reveals that abdomen width accounts for roughly twice as much of the variance in number of males as does abdomen height. Moreover, the model was highly significant (R = 0.74, r 2 = 0.53, P < 0.0001). Therefore, females with wider and taller abdomens relative to other females in this sample have significantly more males in their webs.
The size-adjusted model only retained abdomen height (β = 0.33, P < 0.05), but the overall model was still significant (R = 0.33, r 2 = 0.12, P < 0.05). Thus, abdomen height − independent of body size − was significantly correlated with the number of males in a female's web. 
DISCUSSION
We predicted positive relationships between number of males on a web and two aspects of N. clavipes ecomorphology: female size and web size. Whereas our first prediction was supported, with overall abdomen size explaining a significant amount of the variation in number of males on a web, our second prediction regarding web size was not, despite a correlation between web size and body size. Thus, while larger spiders build bigger webs, consistent with previous findings in other orb-weavers (Brown, 1981; Olive, 1982; Craig, 1986 Craig, , 1987 Eberhard 1989 Eberhard , 1990 , these larger webs do not necessarily harbour more males. Indeed, multiple regression analyses performed on size-corrected variables show that abdomen height is the only statistically significant predictor of number of males on a web in our sample once body size has been accounted for. Female size, and abdomen size in particular, therefore appears to be the most important morphological factor influencing male presence on a web. One possible explanation for the importance of abdomen size to male presence on a web is that larger females may be more fecund (Head, 1995; Marshall & Gittleman, 1994; Prenter, Elwood & Montgomery, 1999) . However, egg clutch mass did not correlate significantly with any variables in our sample, suggesting that fecundity is less important here than morphology. A more likely explanation is that overall condition of the female (i.e. size-corrected body mass) might play a role in attracting males to a particular web (Danielson-Francois et al., 2002) . Because orbweb spiders are known to have poor vision, female mass may be easier to assess (e.g. via vibrations in the web) than female size (Suter, 1978; Foelix, 1996; Danielson-Francois, Fetterer & Smallwood, 2002) . This explanation is consistent with previous reports that N. clavipes males alter their courtship behaviour based on female size, displaying more vigorously to larger females (Christenson et al., 1985) as the latter are likely to be heavier. Furthermore, females in good condition are less likely to cannibalize males (Newman & Elgar, 1991; Andrade, 1998; Schneider & Elgar, 2001) , so taking up residence on the web of a female might be less risky. Interestingly, condition in spiders is evident from the shape and size of the abdomen, with small or shrunken abdomens indicating poor condition (Anderson, 1974; Taylor, Hasson & Clark, 1999) . Thus, while we did not measure body condition directly in this study, we find it suggestive that the one variable we measured that is always correlated with number of males on a web is also an indicator of condition. Experimental studies aimed at investigating this relationship, perhaps in a controlled laboratory setting, would be extremely valuable.
Although we did not uncover evidence of any associations among web design variables and number of males on a web, our finding that larger spiders exhibit a shift in habitat use relative to smaller individuals is interesting in itself. Large females build webs that are both larger and further from the ground than those of smaller spiders (Fig. 2) ; specifically, web width increases more than 33-fold over the sampled size range, whereas the next most variable parameter, inner web height, increases less than 9-fold (Table 1) . Large webs are also typically perpendicular to the ground, whereas the webs of smaller spiders exhibit substantial variation in their web angle relative to the ground. Given that overall spider shape changes little with size, with the exception of cephalothorax height, which is relatively larger in small spiders, this change in habitat usage is likely more related to size itself rather than shape. While similar microhabitat shifts have been shown to occur in several other orb-weaving spiders with increasing body size (e.g. Eberhard, 1990; Venner et al., 2002) , it is not intuitively clear why body size should drive such a change microhabitat use in spiders. Web site has previously been implicated in determining types of prey captured (Eberhard, 1990) , raising the possibility that larger spiders select sites suitable for capturing larger (or more) prey; however, our current dataset offers little insight into this phenomenon. Future studies addressing the relationship between spider morphology and web design/placement are therefore needed to elucidate these relationships more clearly.
In conclusion, we have shown a significant relationship between abdomen size of female N. clavipes spiders and number of males present on a web. Interestingly, this relationship persists even after body size is accounted for. In contrast to female size, male presence on a web appears to be unrelated to web design or web placement. We suggest that female body condition, in conjunction with other factors such as chemical cues, may be an important factor in assessment of females by males, and is worthy of further attention.
